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Genome-wide association studies have identified single nucleotide polymorphisms (SNPs) linked with total IgE levels, but their joint estimated effect accounts for a very small proportion of the trait's heritability. [2] [3] [4] [5] Environmental exposures affect total IgE levels, 6, 7 and thus epigenetic mechanisms, such as DNA methylation, might explain the ''missing heritability'' of total IgE.
A recent epigenome-wide association study (EWAS) using DNA from white blood cells (WBCs) reported that methylation in several genes is implicated in total IgE levels in white subjects, 8 with methylation of 3 genes (LPCAT2, IL5RA, and ZNF22) accounting for approximately 13% of total IgE variance. Whether those findings are explained by DNA methylation of eosinophils (which play a major role in allergic inflammation) or other WBCs is insufficiently understood.
In the United States, Puerto Ricans are heavily affected by allergic diseases, whereas Mexican Americans have a lower but nonnegligible burden from allergies. [9] [10] [11] We report the first EWAS of total IgE with adjustment for (percentage of) WBC types, as well as the first EWAS of total IgE in Hispanic subjects.
METHODS

Subject recruitment and study procedures
Puerto Rico genetics of asthma and Lifestyle Study (PR-GOAL). From March 2009 to June 2010, 678 children with and without asthma (defined as physician-diagnosed asthma and > _1 episode of wheeze in the prior year) were recruited in San Juan, Puerto Rico, as described elsewhere. 12 Eligibility criteria included age of 6 to 14 years and having 4 Puerto Rican grandparents. Of the 562 subjects who had blood samples with sufficient DNA for genome-wide genotyping, 306 had additional data (including WBC count, total IgE level measurement, and a genome-wide study of DNA methylation) and were thus included in this analysis. Total serum IgE levels were measured by using the UniCAP 100 system (Pharmacia & Upjohn, Kalamazoo, Mich), and total WBC counts and percentages of the 5 possible cell types (ie, neutrophils, eosinophils, basophils, lymphocytes, and monocytes) in peripheral blood were measured by using Coulter Counter techniques. There were no significant differences in age, sex, asthma status, or total IgE levels between subjects with available DNA who were (n 5 306) and were not (n 5 256) included in the current analysis.
After bisulfite conversion of DNA from WBCs by using the EZ DNA Methylation Kit (Zymo Research, Irvine, Calif), whole-genome DNA methylation levels were measured by using the HumanMethylation450K BeadChip system (Illumina, San Diego, Calif). In brief, 200 ng of bisulfiteconverted DNA was whole-genome amplified for 23 hours, followed by end point fragmentation. The fragmented DNA was precipitated, denatured, and hybridized to the BeadChips for 18 hours at 488C. The BeadChips were then washed, and the hybridized primers were extended and labeled before scanning the BeadChips with the Illumina iScan system.
Principal components (PCs) were calculated from genome-wide SNP data, which were genotyped with the HumanOmni2.5 BeadChip platform (Illumina), as previously described. 12 Genome-wide gene expression in a subset of 121 whole-blood samples was measured at the University of Pittsburgh Genomics and Proteomics Core Laboratories by using the Illumina HumanHT-12 v4 Expression BeadChip, as described in our previous work. 13 Written parental consent was obtained for participating children, from whom written assent was also obtained. The study was approved by the Institutional Review Boards of the University of Puerto Rico (San Juan, Puerto Rico), Brigham and Women's Hospital (Boston, Mass), and the University of Pittsburgh (Pittsburgh, Pa).
Genes-environments & Admixture in Latino Americans (GALA II) study. The GALA II study is a multicenter case-control study of asthma in 1858 Latino children and adolescents.
14 Cases and healthy control subjects were recruited from 5 centers throughout the United States (Chicago, the Bronx, Houston, the San Francisco Bay Area, and Puerto Rico). Subjects were eligible if they were 8 to 22 years of age, self-identified all 4 grandparents as Latino, and had a smoking history of less than 10 pack-years. Asthma was defined as physician-diagnosed asthma and report of symptoms and medication use in the previous 2 years. Participants were classified into 3 Latino subgroups (Puerto Rican, Mexican, and other Latino), according to the self-reported ancestry of their 4 grandparents. All participants were genotyped on the Axiom LAT1 array (World Array 4; Affymetrix, Santa Clara, Calif), as described elsewhere. 15 A subset of 573 participants (219 Puerto Ricans, 269 Mexicans, and 85 other Latinos) with data for genome-wide DNA methylation and total IgE levels were included in the current analysis; there were no significant differences in age, sex, asthma status, or total IgE levels between subjects who were (n 5 573) and were not (n 5 1285) included in the analysis. Total serum IgE levels were measured with the ImmunoCAP 100 system (Phadia, Kalamazoo, Mich). 4 WBC DNA was bisulfite converted and hybridized with Infinium HumanMethylation450K BeadChips to measure methylation levels.
The study was approved by the Institutional Review Boards of the University of California at San Francisco and all other participating centers. All children and their parents provided written informed assent and consent, respectively.
Preprocessing and quality control for 450K DNA methylation data
We performed the same preprocessing and quality control for 450K DNA methylation data in PR-GOAL and the GALA II study. We read methylation data from the raw IDAT files by using the R package methylumi and calculated the b-value for each CpG as follows:
, where M and U represent methylated and unmethylated signal intensities at the specific site and a is an arbitrary offset (usually 100) intended to stabilize bvalues where fluorescent intensities are low. Next, the methylation data were preprocessed by means of color balance adjustment, background correction, and quantile normalization with the lumi R package and followed by Beta-Mixture Quantile normalization with the wateRmelon package. This normalization strategy first quantile normalized the intensities of methylation signals among all arrays and then used Beta-Mixture Quantile dilation to normalize the b-values within each array. [16] [17] [18] In each data set we removed poor-quality probes with detection P values of greater than .01 in at least 20% of the samples. We also removed 11,656 probes with CpG loci located on sex chromosomes and 19,344 probes that had rs* names or located at 0 distance to known SNPs, according to the Illumina product annotation of Infinium HD Methylation SNP List. This quality control process left 454,552 CpGs in both data sets. We then filtered CpG sites with an overall mean b-value of greater than 0.9 or less than 0.1 (considering extreme values as noise signals and to reduce multiple tests), which left 188,368 CpGs for data analysis.
Comparison with previous findings in white subjects
For further information, see the Methods section in this article's Online Repository. We compared our results in Hispanic children with those of Liang et al 8 in white subjects. The comparison sample consists of 3 cohorts of white subjects (see Table E1 in this article's Online Repository at www.jacionline.org), as follows: (1) the Medical Research Council Asthma (MRCA) panel, a cohort of 355 subjects (183 male) with a mean age of 28 years (range, 2-61 years), 175 of whom had doctor-diagnosed asthma; (2) a subset of the Poblogaeth Asthma Prifysgol Abertawe (PAPA) study, including 149 subjects (77 male, 34 with doctor-diagnosed asthma) with a mean age of 21 years (range, 18-30 years) selected equally from the top and bottom deciles of the total IgE distribution from the entire PAPA study of 1614 unselected volunteers; and (3) a subset of the Saguenay-Lac-Saint-Jean (SLSJ) asthma familial collection, including 160 subjects (80 male) with a mean age of 29 years (range, 5-79 years), 69 of whom had asthma. MRCA used the Illumina HumanMethylation 27K chip, whereas PAPA and SLSJ used the Illumina HumanMethylation450K chip. We used the results presented in the original report, but more detailed information can be found in the report by Liang et al. 8 Of note, we could not directly compare effect sizes across our study and those studies (which used transformed methylation values), but the directions of effect estimates were comparable across studies.
Statistical analysis
Total IgE data were transformed to a log 10 scale as a natural value in medical studies for data analysis. Linear regression was used for the multivariable analysis of DNA methylation and total IgE levels separately for PR-GOAL and the GALA II study. Both analyses were adjusted for age, sex, asthma, batch (or plate), population subgroup (in the GALA II study), and the first 5 PCs of the genotypic data; the EWAS regression model (1) is as follows: Log 10 Ige ; CpG methylation 1 Age 1 Sex 1 Asthma 1 Batch 1 Population 1 5 PCs. PCs were calculated by using common SNPs (minor allele frequency > 5%) with EIGENSTRAT 19 separately for PR-GOAL and the GALA II study. We next performed a meta-analysis to combine summary statistics from PR-GOAL and the GALA II study by using inverse variance weighting to generate the combined effect size and P value for each CpG site. A Bonferroni-corrected P value of less than 2 3 10 27 was used as the cutoff for genome-wide statistical significance. We then carried out a similar multivariable analysis of DNA methylation and total IgE levels in PR-GOAL, with additional adjustment for percentages of WBC types (only neutrophils, eosinophils, lymphocytes, and monocytes are included because the sum of the percentages of these 4 cell types determines the percentage of the fifth possible type) to uncover IgE-regulatory pathways that are independent of eosinophil count. Hence our EWAS regression model (2) is as follows: Log 10 Ige ; CpG methylation 1 Age 1 Sex 1 Asthma 1 Batch 1 Population 1 5 PCs 1 Percentages of 4 WBC types. Because WBC percentages were not available in the GALA II study, cell-type percentages were inferred based on the method described by Houseman et al. 20 In brief, a Lasso regression model for each of the 5 cell types was first trained from the observations of cell percentage and DNA methylation in PR-GOAL, and then the most predictive 200 CpG sites (see Table E2 in this article's Online Repository at www.jacionline.org) for the 5 cell types were selected as reference CpGs for the application of a multiple imputation method 21 to impute cell percentages, which were adjusted for in the multivariable analysis of the GALA II study. Of note, we validated the performance of the Houseman imputation-based method by using data from PR-GOAL. In PR-GOAL the imputed and true cell percentages were significantly and highly correlated (see Fig E1 in this article's Online Repository at www. jacionline.org). Thus, methodologically, this imputation should work for GALA II study samples, imputed WBC types of which are likely valid and without significant bias.
Next, we conducted a meta-analysis of total IgE data in PR-GOAL and the GALA II study after additional adjustment for WBC types. Genes containing the top 1000 CpG sites associated with total IgE levels in this meta-analysis were examined in a Kyoto Encyclopedia of Genes and Genomes pathway enrichment analysis by using the Fisher exact test, the multiple testing P values were adjusted with false discovery rates (FDRs). Moreover, we performed an expression quantitative trait methylation (eQTM) analysis for the top 20 findings from the meta-analysis adjusted for WBC types (using PR-GOAL data) to test for association between DNA methylation and cis-gene (<1 M bases) expression in whole blood, adjusting for age, sex, and asthma status (and WBC
RESULTS
The characteristics of participants in PR-GOAL and the GALA II study are shown in Table I . Compared with participants in the GALA II study, those in PR-GOAL were younger and had higher total IgE levels. DNA methylation levels were similar across studies (see Fig E2 in this article' s Online Repository at www.jacionline.org).
We conducted a multivariable linear regression analysis of DNA methylation and total IgE levels, first separately for each cohort and then by combining results from the 2 cohorts in a metaanalysis. The meta-analysis identified 1326 CpGs associated with total IgE levels at a P value of less than 2 3 10 27 and 2992 CpGs at an FDR of less than 0.01 (see Manhattan and quantile-quantile [QQ] plots in Fig E3 in this article' s Online Repository at www.jacionline.org). Table E3 in this article's Online Repository at www.jacionline.org lists the top 200 CpG sites (by P value) in this meta-analysis, as well as the results of separate analyses for each cohort. The direction of association between CpG sites and total IgE levels was consistent across studies. PR-GOAL had 640 significant CpGs with P values of less than 2 3 10 27 , whereas the GALA II study had 404 significant CpGs, and their correlation of overall effect size or 2log 10 (P value) were also significant (see Fig E4 in this article' s Online Repository at www.jacionline.org). In a sensitivity analysis we performed a mega-analysis by combining the data sets from PR-GOAL and the GALA II study into a single data set using a similar approach to that for the meta-analysis, with additional adjustment for study site. This mega-analysis yielded similar results to those from the meta-analysis (see Table E3 ).
Next, we compared the results of our meta-analysis unadjusted for WBC types with those from an EWAS of total IgE levels in white subjects. 8 In spite of differences in ethnicity and age, most of the top significant CpG sites in our EWAS had the same direction of association as in white subjects (see Table E3 ). Of the top 200 CpG sites in our meta-analysis, 189 were also associated with total IgE levels (at P <.01) in either the PAPA or SLSJ studies, and all 9 CpG sites that overlapped with those in the MRCA study (which had fewer CpG sites from the Illumina 27K Chip) were significantly associated with total IgE levels in that study. Moreover, we confirmed the top findings from the previous EWAS in white subjects 8 in our study (see Table E4 in this article's Online Repository at www.jacionline.org).
We then repeated the multivariable meta-analysis of our study cohorts after adjustment for WBC types. Fig 1 shows Manhattan and QQ plots of results in this adjusted meta-analysis, and the number of significant CpG sites is markedly reduced compared with the unadjusted results (see Fig E3) . Table II lists the top 20 CpG sites; 4 (cg09249800, cg04983687, cg12614529, and cg21220721) of them were significantly associated with total IgE levels at a P value of less than 2 3 10
27
, and the top 2 CpGs overlap with those from the meta-analysis without adjusting for WBC types. Partial regression plots in Fig 2 show associations between CpG methylation values and total IgE levels conditional on all other covariates for the top 4 genes. Table E5 in this article's Online Repository at www.jacionline.org lists the top 200 CpG sites, as well as the results of this cell-adjusted analysis for each cohort, and similar results were obtained when a mega-analysis was conducted instead of a meta-analysis.
We then performed a Kyoto Encyclopedia of Genes and Genomes pathway enrichment analysis on the genes closest to the top 1000 CpG sites from the meta-analysis adjusted for WBC types. Of the 7 pathways enriched for these genes at an FDR of 0.01 or less (Table III) , the first one (''hsa05310 Asthma'') is highly related to total IgE levels. Some significant pathways are relevant to immune responses, such as ''hsa04612 Antigen processing and presentation,'' ''hsa05320 Autoimmune thyroid disease,'' and ''hsa04672 Intestinal immune network for IgA production.'' Next, we performed eQTM analyses for the 20 CpG sites in Table II and their cis-genes using the DNA methylation and gene expression data from PR-GOAL. From the analysis unadjusted for WBC types, cg25087851 methylation was significantly associated with expression of the gene for the prostaglandin D 2 receptor 2 (PTGDR2, P 5 5.16 3 10
217
, see Table E6 in this article's Online Repository at www.jacionline.org). cg25087851 is 473 nucleoside bases upstream of PTGDR2, which encodes a G protein-coupled receptor that is preferentially expressed in CD4 1 effector T H 2 cells. This receptor mediates proinflammatory chemotaxis of eosinophils, basophils, and T H 2 lymphocytes generated during allergic inflammation, 22 and a PTGDR2 antagonist reduces eosinophilic airway inflammation (''experimental asthma'') in murine models. 23 DNA methylation of another CpG site (cg12227660) was significantly associated with expression of the gene polyamine oxidase (PAOX; P 5 2.043 10 213 ); cg12227660 is 131,071 bases upstream of PAOX. PAOX particles can be used as a drug delivery vehicle for the treatment of acute inflammatory diseases, such as asthma and acute lung injury. 24, 25 After adjusting for cell types, the observed associations between methylation of CpG sites and gene expression became nonstatistically significant, following a pattern similar to that for the EWAS results (see Table E6 ). GALA II study participants belong to 3 Latino subgroups captured by means of PC analysis of genotypic data, whereas the effect of population composition on DNA methylation is negligible according to PC analysis of methylation data (see Fig  E5 in this article' s Online Repository at www.jacionline.org). Because PR-GOAL participants are all Puerto Rican, we conducted a secondary EWAS of total IgE levels after selecting only Puerto Ricans from the GALA II study (n 5 219). Table E7 in this article's Online Repository at www.jacionline.org for the EWAS without cell type adjustment and Table E8 in this article's Online Repository at www.jacionline.org for the EWAS with cell type adjustment. Findings in this analysis in Puerto Ricans were similar to those in all Hispanics, with the correlations of resultant effect size or 2log 10 (P value) were significant (see Fig E7) , and the 4 significant CpG sites in the meta-analyses with adjustment for WBC types were the same as those in all Hispanics. 
DISCUSSION
Our meta-analysis without adjustment for WBC types identified 1326 CpG sites that achieved a genome-wide significant association with total IgE levels at a P value of less than 2 3 10
27 . There are some novel findings in addition to these results (see Table E3 ), including methylation in the genes for microRNA 202 (MIR202), lipin 1 (LPIN1), and prostaglandin D 2 receptor 2 (PTGDR2). MIR202 is differentially expressed in cultured airway epithelial cells of monkeys in response to ozone exposure and LPS treatment 26 and is decreased in bronchoalveolar lavage fluid of patients with sarcoidosis.
27 LPIN1, which has been implicated in lipid metabolism and rhabdomyolysis, encodes a magnesium ion-dependent phosphatidic acid phosphohydrolase enzyme. Expression of LPIN1 is low in patients with atopic eczema, who often have other atopic diseases, such as allergic asthma and allergic rhinoconjunctivitis. 28 After additional adjustment of our meta-analysis for WBC types, there was a marked reduction in the number of CpG sites associated with total IgE levels. Because only eosinophils were consistently and significantly associated with total IgE levels in our study (Table IV) , our overall findings suggest that DNA methylation in eosinophils explains most results for DNA methylation and total IgE levels in analyses unadjusted for WBC types, thus emphasizing the importance of adjusting for cell types in future studies.
Our 4 genome-wide significant findings in the meta-analysis adjusted for WBC types were not among the top 62 loci associated with total IgE levels (at an FDR < 0.005, with consistent direction of association across cohorts) in the meta-analysis of 3 cohorts included in the prior EWAS of total IgE levels in white subjects. 8 These 4 CpG sites were located in the genes for zinc-finger protein multi-type 1 (ZFPM1), acyl-CoA thioesterase 7 (ACOT7), and meiotic nuclear division 1 (MND1). ZFPM1 suppresses expression of IL-4 and induces expression of IFN-g in CD4
1 T cells, thus reducing T H 2 cell differentiation. 29 Moreover, WBC DNA methylation in both ZFPM1 and ACOT7 has been associated with asthma, 30 and WBC DNA methylation of ZFPM1 was consistently associated with atopy (defined as > _1 positive IgE level to allergens) or high total IgE levels (> _200 kU/L) across 2 white cohorts included in a prior study. 31 In that study DNA methylation of ACOT7 was significantly associated with atopy or high total IgE levels in the discovery cohort but not in a replication cohort. Thus we first report consistent evidence of a genome-wide significant association between ACOT7 methylation and total IgE levels.
Of the top findings in our analysis unadjusted for cell types, CpG sites in ZFPM1, ACOT7, MIR202, EVL, PTGDR2, and PGR2 remained among the top 20 results in the analysis adjusted for WBC type. Although not genome-wide significant, the WBC-adjusted analysis revealed some new genes among our top 20 findings, including MND1; sprouty RTK signaling antagonist 2 (SPRY2); major histocompatibility complex, class II, DQ b2 (HLA-DQB2); and ETS variant 6 (ETV6) genes. SPRY2 differentially regulates lymphoid and myeloid cell functions relevant to allergic asthma. 32 HLA-DQB2 is biologically relevant to immune responses and has been associated previously with asthma 33 ETV6-ABL gene rearrangement can result in chronic myeloid leukemia associated with eosinophilia. 34 We recognize several study limitations. First, WBC types were not measured in the GALA II study. Although we applied validated methods to perform imputation of WBC percentages, the imputation uncertainty might still have reduced our statistical power. It is unlikely to have biased our results. Second, WBC types, such as lymphocytes, include multiple cell types (eg, T H 1, T H 2, and T H 17), and we lack data to identify whether methylation of a specific cell type accounts for our findings in the meta-analysis adjusted for cell types. Third, we had data for gene expression in whole blood (and not WBCs) in only a subset of participants in PR-GOAL, likely reducing our statistical power for the eQTM analysis of correlation between DNA methylation and gene expression. Finally, we lack functional analyses, but our top CpG sites are located within biologically plausible genes, as demonstrated by combined evidence from prior publications and the results from our enrichment and eQTM analyses.
In summary, we demonstrate novel WBC DNA methylation changes associated with total IgE levels in an EWAS of Hispanic children while replicating prior findings in white subjects. 8 Our findings also emphasize the importance of adjusting for cell types (particularly eosinophils) in future studies of WBC DNA methylation and total IgE or related phenotypes (eg, asthma).
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Clinical implications: Among Hispanic children, methylation changes in the genes ZFPM1, ACOT7, and MND1 are associated with total IgE levels. ACOT7 and ZFPM1 have been implicated in the pathogenesis of asthma or atopy.
